Aims/hypothesis. One in four children with Type 1 diabetes in a population-based family study has an affected grandparent. We set out to study the clinical and immune features of diabetes in the grandparents' generation, and to examine sharing of HLA class II susceptibility haplotypes between grandparent and grandchild. Methods. Of 5855 grandparents in the Bart's-Oxford family study, 428 (7.3%) were known to have diabetes. Clinical data and samples were collected from 115 of 213 surviving affected grandparents and from 219 unaffected grandparents within the same families. Samples were tested for ICA and autoantibodies to GAD and IA-2, and typed for HLA-DRB1-DQA1-DQB1. Transmission of HLA class II haplotype from affected and unaffected grandparents to the diabetic proband was compared. Results. Of 115 affected grandparents studied, the median age at diagnosis was 61 years and at analysis was 73 years; 70% were diet or tablet treated and 30% were on insulin. One or more islet autoantibodies were found in 26% and 66% had one or both of the high risk HLA class II susceptibility haplotypes
life ranges across a spectrum; at one end are those who present acutely and require immediate insulin treatment, and at the other are those who present as Type 2 diabetes yet carry islet autoantibodies. Since the classification of immune-mediated diabetes was previously based solely upon an early requirement for insulin [1] , the frequency of the condition could have been underestimated in older relatives of children with classic Type 1 diabetes. With this in mind, we examined the parents of children with Type 1 diabetes in an earlier study, and found that 3.1% had insulin-treated diabetes and 2.1% did not require insulin. When aetiological criteria were used, however, we found Immune-mediated diabetes is not exclusively, or even typically, a disease of childhood. Presentation in later that 4.5% had immune-mediated diabetes and only 0.9% had a non-immune form of the disease; the latter estimate did not differ from reported rates in the background population [2] .
A prolonged prodromal period with onset in later life is characteristic of many other autoimmune conditions, and it would not be surprising if a proportion of cases of Type 1 diabetes presented in this way; this may even have been the characteristic mode of onset in earlier generations. On this basis, we have speculated that a more permissive environment might lead to earlier clinical presentation in genetically predisposed subjects, and that earlier disease onset might partially explain the rising incidence of childhood onset Type 1 diabetes over the past 50 years [3, 4] . Another example of earlier disease onset in response to a more permissive environment would be the current epidemic of obesityrelated childhood onset Type 2 diabetes [5] . We therefore aimed to establish whether examination of the grandparental generation would add biological support to this concept, and set out to determine the prevalence of immune-mediated diabetes in this generation, and to look for evidence of shared genetic susceptibility between affected grandparent and grandchild.
Subjects and methods
Grandparents with diabetes were identified through the families participating in the Bart's Oxford (BOX) study [6] . The BOX study is an ongoing prospective population based family study in the former Oxford Regional Health Authority area. Since it began in 1985, the study has recruited 88% of the families of children diagnosed with Type 1 diabetes below the age of 21. By the end of December 2001, 1693 families had been recruited into the study with 89% under regular follow up. A family history of diabetes in first and second degree relatives of the affected child was collected at study entry.
The diabetes status of the grandparents was updated annually by a questionnaire in all families under follow up. Families in which one or more grandparent was known to have diabetes were contacted to ascertain the health status of both affected and unaffected grandparents. They were also asked to provide contact details for all surviving grandparents if relatives thought this appropriate. Grandparents were sent an explanatory letter about the BOX study and were invited to join. Unaffected grandparents in these families were also recruited. A single visit was arranged at which detailed information about diagnosis of diabetes and time to insulin treatment were recorded. A medical history was obtained in all grandparents and included specific details about other autoimmune diseases. Grandparents were asked to provide blood samples for autoantibody assessment and genetic analysis, and those without diabetes were also invited to give a sample for HbA 1c analysis. Four individuals who did not wish to give blood were invited to provide a mouth swab for genotyping. Islet cell antibodies (ICA) and antibodies to glutamic acid decarboxylase (GAD) and the protein tyrosine phosphatase IA-2 were assessed in the remainder, and genotyping for HLA-DRB1, DQA1 and DQB1 alleles was carried out in all cases.
General practitioners of unaffected grandparents who had an HbA 1c value above 6% were contacted and asked to carry out further screening for diabetes.
Informed consent was obtained from all study subjects. The study was approved by the ethics committees of all centres involved in the study and was carried out in accordance with the Declaration of Helsinki as revised in 2000.
Assays. ICA were measured in sera by indirect immunofluorescence as described previously [7] . End point titres were converted to Juvenile Diabetes Foundation (JDF) units by comparison with a standard curve of log 2 JDF units versus log 2 of the end point titre of the standard sera. The threshold of ICA detection was 5 JDF units. Antibodies to GAD 65 and IA-2 ic were measured by radioimmunoassay [7] . The ICA assay achieved 81% sensitivity with 86% specificity, the GAD antibody assay 91% sensitivity with 99% specificity, and the IA-2 antibody assay 74% sensitivity with 99% specificity in the first Immunology of Diabetes Society (IDS) combined antibody workshop [8] .
HLA genotyping was carried out on DNA from blood or mouth swab samples. Details of DNA extraction methods and HLA class II analysis have been published [9] . Briefly, mouth swab extractions were carried out using a guanidium chloride/phenol:chloroform method. Low yield DNA samples from mouth swabs underwent whole genome amplification by primer extension preamplification where necessary. HLA analysis was carried out by polymerase chain reaction using sequence specific primers [10] . Samples were typed for HLA-DRB1*01-10, for DQA1*0201, 0301, 0302 and 0501, and for subtypes of DQB1*02-06. Extended HLA genotypes were constructed. Subjects who did not have the high risk haplotypes DRB1*03-DQA1*0501-DQB1*0201 or DRB1*04-DQA1*0301-DQB1*0302 or the protective haplotype DRB1*02-DQB1*0602 were reported as DRX.
HbA 1c was measured by high pressure liquid chromatography (HPLC) using a HAH 140 analyser (BioMen Diagnostics, Falcon Business Park, Finchampstead, UK).
Data analysis. Classification of diabetes in affected grandparents was based on current treatment, time from diagnosis to insulin treatment and the presence or absence of one or more islet cell autoantibodies. Grandparents were classified as having Type 1 diabetes if permanent insulin therapy was started within 12 months of diagnosis and/or one or more islet-cell autoantibody was present. Affected grandparents were considered to have Type 2 diabetes if they did not require insulin and were antibody negative. Autoantibody analyses for ICA, GAD and IA-2 were considered positive when above the 97.5th centile of a control population of schoolchildren [7] . This corresponded to 5 JDF units for ICA, 1.6 units for GAD antibodies and 0.9 units for IA-2 antibodies.
HLA DRB1-DQA1-DQB1 genotype was analysed in the proband, parents and affected and unaffected grandparent to study transmission of all typed HLA haplotypes through the three generations. The frequency of transmission of the HLA haplotype from the affected grandparent to the proband was calculated and compared by Chi squared testing (Fig. 1) . A p value of less than 0.05 was considered significant.
Results
Grandparents known to have diabetes. One or more grandparent had a diagnosis of diabetes in 369 of 1500 families (24.6%) under follow up. In total 428 (7.3%) of 5855 grandparents were known to have diabetes, one grandparent was affected in 315 families, two grandparents in 49 families and three grandparents in five families. Of 213 surviving grandparents, 115 were willing and able to provide further information and samples (Fig. 2) . The characteristics of the study group matched those of the whole group of grandparents with diabetes on whom treatment details were available (Table 1) .
The median age of the affected group at the time of study was 73 years, range 46 to 89 years. Age at onset of diabetes ranged from 7 to 81, median 61 years. The overall male to female ratio in the affected group was 1:1.05, 30% were treated with insulin and time to insulin from diagnosis varied from 0 to 25 years. The immunogenetic features of the subgroup studied are shown in Table 2 . Autoantibody analysis was carried out in 111 affected grandparents, as four did not give a blood sample. One or more islet autoantibodies were present in 26% and 8% had two or more; 14% had ICA, median 10.5 JDF units, range 7 to over 80; 18% GAD antibodies, median value 17 units, range 2 to over 100; and 3% IA-2 antibodies, median 3, range 1.5 to 3.2. Samples were taken from 10 months to 48 years after diagnosis. The highest risk HLA genotype DRB1*03-DQA1*0501-DQB1*0201 / DRB1*04-DQA1*0301-DQB1*0302 was present in 9% of the 115 affected grandparents, 66% had either one or both of the above haplotypes and 15% had the protective HLA haplotype DQB1*0602.
Of the 115 affected grandparents assessed, 36 were classified as having Type 1 diabetes (Fig. 3) . Seven of these had started insulin treatment within 12 months of diagnosis, 20 had one or more islet autoantibody, and 9 fulfilled both criteria. Median age at diagnosis in the Type 1 diabetes group was 58, range 7 to 77 years. In those who started insulin early this was 52 (range 7-75 years), and was 63 (range 52-77 years) in those with antibodies but not on insulin. There were 62 grandparents who were both antibody negative and not insulin- Grandparents not known to have diabetes. Information and blood or mouth swab samples were provided by 219 grandparents not known to have diabetes. Median age at study entry was 71 years, range 47 to 93. One or more islet antibodies were present in 15% of the 211 blood samples collected and two or more in 2%; 10% ICA, median 10 JDF units, range 7 to over 80; 6% had GAD antibodies, median value 5.2 units, range 1.6 to 96; and 1.4% IA-2 antibodies, median 1.2 units, range 1.0 to 1.8. HbA 1c was above 7% in 3% of the samples measured, one antibody was increased in only one of these subjects. The highest risk HLA genotype DRB1*03-DQA1*0501-DQB1*0201 / DRB1*04-DQA1*0301-DQB1*0302 was present in 6% of the 210 unaffected grandparents who had provided a genetic sample, 65% had either one or both of the above haplotypes and 15% had the protective HLA haplotype DQB1*0602.
Transmission of HLA class II haplotypes. Eighty-three grandparents (from 79 families) were assessed for HLA DRB1-DQA1-DQB1 haplotype transmission. Families where both grandparents had diabetes and those with uninformative transmission were excluded from the analysis. Parents transmitted the haplotype they had received from the affected grandparent to their affected child in 59% of the families rather than 50% as expected (p=0.02). Transmission was analysed according to the treatment of the affected grandparent: insulin treated (n=26), tablet treated (n=40) and diet alone (n=17). Parents transmitted the haplotype from the affected grandparent in 65% of the insulin group (p=0.027), 60% of the tablet group (p=0.07) and 47% of the diet treated group (p=0.7). Fig. 3 . Basis of classification of Type 1 diabetes in grandparents. Of the 115 grandparents studied, 79 had either Type 2 diabetes (n=62) or were classified as indeterminate (n=17), and 36 had Type 1 diabetes. Of these seven were insulin treated within 12 months of diagnosis, in 20 one or more islet autoantibody above the 97.5th centile was present and both factors were found in nine
Discussion
We found that 7.3% of grandparents of children with Type 1 diabetes also had a diagnosis of diabetes. This estimate should be viewed with some caution. One potential source of bias lies in the fact that many of the grandparents had either died or were unavailable for study. The subgroup tested did however resemble the larger group of subjects who could not be studied.
A second concern is that many reportedly non-diabetic grandparents are likely to have undiagnosed diabetes, since this is common in this age group [11, 12] . We attempted to evaluate the extent of this problem by measuring HbA 1c in the control group of unaffected grandparents recruited for genetic analysis. The biological variance of HbA 1c is however such that it has limited value as a screening test for diabetes [13] , and we encountered a high proportion of moderately increased values which were difficult to evaluate. The estimates we have used therefore exclude previously unrecognised diabetes, and under-represent the true prevalence of diabetes in the grandparental generation. However epidemiological surveys in United Kingdom populations found a somewhat lower prevalence of known diabetes (4.6-5.3%) across a similar age group [14, 15] . Using the classification scheme outlined above, 2.2% had features of Type 1 diabetes. Our classification scheme was based upon early requirement for insulin, defined as insulin treatment within 12 months of diagnosis, or islet autoantibodies. Childhood onset Type 1 diabetes typically presents with the full range of islet autoantibodies [7, 16, 17, 18] , but ICA and GAD antibodies are characteristic of late onset immune-mediated diabetes [19] . ICA diminish over time but GAD antibodies persist for many years after diagnosis [20, 21, 22] . We used the presence of these autoantibodies to identify immune-mediated diabetes in grandparents who did not require insulin or had a delayed requirement for it. HLA haplotypes conferring increased susceptibility to Type 1 diabetes can be used to support this diagnosis in other populations, but there will inevitably be an ascertainment bias in the predecessors of affected children. The presence of high risk haplotypes in affected grandparents is therefore difficult to interpret and we have excluded this criterion from our classification scheme. However the observation that 66% had a high risk haplotype implies that a 2.2% prevalence of immune-mediated diabetes could well be an underestimate in this generation. Since population studies of late onset diabetes have typically allocated diabetes type on the basis of treatment rather than measurement of immune markers, we have no comparable estimate of the rate of immune-mediated diabetes in the background population.
We went on to look at transmission of HLA haplotypes from affected grandparents to the proband. A parent receives one HLA haplotype from each grandparent, and has a 50% chance of transmitting each haplotype to his or her offspring. We found, however, that parents transmitted the haplotype from the affected grandparent to the affected grandchild more often than expected (p=0.02). When the grandparents were sub-divided according to treatment group, the transmission rate of HLA haplotypes from affected grandparents was different from that expected in the insulin group (65%, p=0.027) and approached significance in the tablet-treated group (60% p=0.07) but was at the expected rate in the diet-treated group (47% p=0.7) . This is the only study to have assessed transmission of Type 1 diabetes across three generations, and even in this large family study the number of available and informative families remains below 100. Despite this limitation, the increased frequency of haplotype transmission between affected generations suggests that HLA class II susceptibility is shared between grandparents with diabetes and their affected grandchildren.
The clinical and immune features of Type 1 diabetes are therefore over-represented in grandparents of affected children, as compared with the general population. Although the grandchildren presented with classic Type 1 diabetes, its characteristic features were often absent in grandparents, who presented later in life and did not necessarily have an early requirement for insulin. Evidence of increased haplotype sharing strengthens the suggestion that grandparent and grandchild are affected by the same disease process, despite the difference in presentation.
In conclusion, this study has confirmed that treatment-based classification will underestimate the frequency of autoimmune diabetes in family members. It suggests that autoimmune diabetes is over-represented in grandparents of children with Type 1 diabetes, as compared with the general population, and shows that they are more likely to transmit HLA haplotypes to their affected grandchildren. These observations would be consistent with the suggestion that the increasing incidence of childhood onset autoimmune diabetes in the second half of the 20th century represents earlier manifestation of a condition that affected older subjects in previous generations [23] . If so, this would help to explain the persistence of an otherwise lethal trait.
